Abstract Plasmas containing ion beams have various applications both in plasma technology and in fundamental research. The ion beam energy and flux are the two factors characterizing the beam properties. Previous studies have not achieved the independent adjustment of these two parameters. In this paper, an ion-beam-background-plasma system was produced with hotcathode discharge in a double plasma device separated by two adjacent grids, with which the beam energy and flux ratio (the ratio between the beam flux and total ion flux) can be controlled independently. It is shown that the discharge voltage (i.e., voltage across the hot-cathode and anode) and the voltage drop between the two separation grids can be used to effectively control the beam energy while the flux ratio is not affected by these voltages. The flux ratio depends sensitively on hot-filaments heating current whose influence on the beam energy is relatively weak, and thus enabling approximate control of the flux ratio
Introduction
It is well known that ion beams have significant influences on plasma-material interactions in many technical plasma processes [1, 2] . For example, in plasma-assisted depositions of thin films [3−5] , surface properties of the materials strongly depend on the ion bombardment energy [6−10] . In plasma etching of microelectronic chips, the ion energy and angular distributions play a critical role in the process influencing etch rates and selectivity [11−14] . In the applications, the ion beams are often involved. However, the ion beams extracted from the ion sources are usually accompanied with a background plasma because of the ionization and charge-exchange collisions etc. On the other hand, in basic plasma physics, the low energy ion-beam-background plasma system is often desirable for the studies of various kinds of collective modes excited by beam-plasma instabilities [15−17] . In these studies, the detailed knowledge of the ion-energy distribution functions is crucial for the understanding of the beam properties and their applications to material processing [18] . Thus, it is of practical interest to investigate the ion-beam-plasma system and the ionenergy distribution functions.
In laboratory plasma devices used for basic research, the ion-beam-plasma system is often generated by creating two adjacent plasma regions with different potentials, such as the source and target chambers in a double plasma device (DPD) [15, 19] or the upstream and downstream regions in a double layer [20] . The ion beam is formed when the ions transit from the high to low potential region.
In the past, such systems have been widely used to investigate the ionacoustic instabilities, sheaths and nonlinear solitary waves etc [15,21−31] . For instance, in an ion-beamplasma system formed by different biases on the chamber walls in a DPD, the effect of the ion beam on the sheath and sheath instability was investigated in the upstream side of the beam [26, 27] , and it was shown that the presence of the beam causes the compression of the sheath [27] . The theoretical model predicted that the sheath compression depends both on beam energy and on flux ratio (which is the ratio of the ion beam current to the total ion current). However, in experiment, the beam energy and flux ratio cannot be controlled independently, and the flux ratio of the so-formed ion beam is rather low (e.g., only 8% − 12% in Ref. [27] ). It was recently found that the ion beam also causes the asymmetric structure in the up-and downstream sheaths [28] . Another example involving the use of ionbeam-plasma system in a DPD is the excitation of ion acoustic beam-plasma instability [15] and ion-acoustic solitary wave [31] . It was shown that, depending on the beam energy (or Mach number), either fast and slow ion beam modes or the ion-acoustic mode can be excited, and the beam-plasma instability occurs only in a certain range of Mach numbers [15] . However, the dispersion relation and growth rate of the unstable mode depend not only on the beam energy but also on the flux ratio, but the latter has not been given in these experiments, which makes it difficult to compare the experimental results with theoretical predictions.
For the above-mentioned experiments, the beam energy and flux ratio are the two important factors in determining, for example, the sheath structures as well as the threshold and dispersion relation of the beamplasma instability. However, in these experiments where the beam was formed by the bias difference between the chamber walls and only one grid was used to separate the source and target chambers in the DPDs, it is difficult to separately adjust the beam energy and flux ratio. Furthermore, the flux ratio is usually very low because the discharge took place in both the source and target chambers, in which the background plasma density is relatively high. This paper presents the nearly independent control of the beam energy and flux ratio in an ion-beambackground plasma system formed in a modified DPD. Different from conventional DPDs, the present device is operated asymmetrically, i.e., the hot-cathode discharge takes place only in the source chamber, and there is no discharge (no plasma source) in the target chamber. Furthermore, two adjacent separation grids with different biases are used, which enables us to adjust the beam energy separately. Using a retardingfield-energy-analyzer (RFEA) with appropriate internal bias settings, the ion distribution function (IDF) in the experimental chamber is measured. The connections between the IDFs and the discharge parameters are experimentally investigated, which provides the means of the adjustment of the beam energy and flux ratio.
Experimental setup
The ion-beam-background plasma system was created in a modified double plasma device. The device is 100 cm long and 50 cm diameter with multiple dipole magnets surrounding the outer surface for surface confinement [32, 33] . Fig. 1 is a sketch of the setup. Argon plasma was generated in the source chamber by a hot-cathode discharge between a cylindrical anode mesh (AM) and a set of 12 hot tungsten filaments (HF, cathode). The plasma diffuses into the experimental chamber. In the middle of the device, two adjacent separation grids SG1 and SG2 (60% transparency and 10 mm gap) with a voltage drop ∆V SG were used to generate the ion beam. With SG1 and SG2, it is possible to independently control the plasma potentials in the two chambers. In the present experiment, the source chamber wall, the anode mesh, and SG1 were grounded. The experimental chamber wall was biased at −40 V. The controlling parameters are, respectively, discharge voltage V dis between the AM and HF, bias on the SG2 V SG2 , hot filaments heating current I H , and argon gas pressure p. Plasma parameters were measured with cylindrical Langmuir probes (CP), which are made of 0.2 mmdiameter tungsten wire and shaped in a ring of 10 mm diameter. An RFEA with its entrance surface located ∼ 100 mm downstream of the SG2 was used to measure the IDF. The plasma potential V p at the location of the RFEA was measured with an emissive probe (EP) using the technique of the inflection point obtained from the I-V curve in the limit of zero emission [34] . Typical plasma parameters in the experimental region at the location of the RFEA are electron density n e = 1 × 10 8 cm −3 and temperature T e = 1.1 eV in the case when V SG2 = −20 V, V dis = 30 V, I H = 44 A, and p = 7.5 × 10 −2 Pa. The structure of the RFEA consists of three parallel stainless-steel grids (∼ 60% transparency) followed by a stainless-steel collector, each 20 mm in diameter and 5 mm separation. In the experiment, the first grid was kept floating. The second grid was biased with a retarding voltage ranging from −60 V to 40 V, which is referred to as the RFEA voltage V RFEA . The biases on the third grid and the collector were fixed at −60 V and −20 V, respectively, with respect to the local bulk plasma potential V p . With these bias settings, it was shown that the spurious current signals to the collector arising from the secondary electrons and space-charge effect inside the RFEA could be minimized in this experiment. The voltage V RFEA was provided by a programmable ITECH DC power supply (IT6953A, minimum voltage step 0.06 V) and the current I to the collector as well as the voltage V RFEA were recorded with an Agilent Digit Multimeter (34410A) so that the I-V characteristics of the RFEA could be obtained (current and voltage resolutions are 10 −10 A and 0.001 V, respectively). The ions with kinetic energy E ≥ E m = q i (V RFEA − V p ) can be collected by the collector so that the current can be expressed as
where t is the total transmission coefficient of the RFEA, A is the area of the collector, q i and m i are the ion charge and mass, respectively, and f i (v) is the IDF. The derivative of I with respect to V RFEA gives
Thus, the IDF is proportional to −(dI/dV ) RFEA .
Results and discussions
The first derivative of the I-V trace of the RFEA yields the IDF that exhibits a double-peak structure consisting a background and a streaming ion group. Fig. 2 shows the typical raw data of the I-V trace and its derivative. It shows that, though there is no plasma source in the experimental chamber and the ions only stream from the source into the experimental chamber as a beam because of the acceleration by the SG1 and SG2, there exists a background ion group with nearly zero energy. The background ions may be created by ion-neutral charge exchange collisions and electron impact ionizations. Furthermore, secondary electrons may be emitted by the ion bombardment of chamber walls and other metal electrodes, which are accelerated in the potential drops adjacent to walls and electrodes. These electrons then ionize the neutral gas in the bulk plasma and contribute to the production of the background ions. The beam energy can be defined by the peak position of the streaming ions in the IDF. The RFEA collected current of the beam I bm and background I bg , which are obtained from the area under the corresponding peaks in the IDF, are proportional to the fluxes of the corresponding groups in the plasma. Thus, the beam flux ratio is given by I bm /(I bm + I bg ).
Control of the beam energy
The beam energy is determined mainly by the discharge voltage V dis and the bias on SG2. For the fixed values of V SG2 = −20 V, I H = 43.8 A, and p = 7.5 × 10 −2 Pa, the dependence of the IDF and the flux ratio on V dis is shown in Fig. 3 . The IDFs show that raising V dis results in a significant increase of the beam energy. In addition, the fluxes of both the beam and the background ions increase. However, the flux ratio almost does not change as is obviously shown in Fig. 3(b) . The reason is that the increase in V dis causes more frequent ionization that results in the rise of the plasma density and hence the simultaneous increase in the densities of the two ion groups. For fixed values of V dis , the dependence of the beam energy and flux ratio on the voltage drop ∆V SG between the two separation grids is displayed in Fig. 4 . It is shown that the flux ratio changes little and maintains near 50%, which indicates that adjusting ∆V SG hardly changes the flux ratio. However, the beam energy, E bm , exhibits a peculiar dependence on ∆V SG . Instead of the monotonic increase, E bm first increases but then decreases with the increase of ∆V SG . There exists a maximum E bm at a certain value of ∆V SG for a given discharge voltage. Furthermore, this maximum E bm increases with V dis .
This effect can be attributed to nonmonotonic variation of the plasma potential with V SG2 in the experimental chamber. Since the plasma potential in the source chamber is not affected by V SG2 , the decrease in V SG2 results in the decrease of the plasma potential in the experimental chamber. Thus the ions gain more energy for low V SG2 . However, the plasma potential in the experimental chamber is not solely determined by V SG2 but depends on the bias on the chamber wall and involves the processes of plasma generation and loss as well. Thus, the plasma potential may increase and the resulting beam energy may decrease for sufficiently low V SG2 . 
Control of the flux ratio
The flux ratio can approximately be controlled by the heating current I H of the hot filaments. For the fixed parameters V dis = 30 V, V SG2 = −20 V, and p = 7.5×10 −2 Pa, the dependence of the IDF, the flux ratio, and the beam energy on I H is shown Fig. 5 . As shown in Fig. 5(a) and (c), the beam energy changes only a little (∼ 2 eV in the plotted range) when increasing I H . However, the flux ratio increases significantly as is obvious in Fig. 5(b) .
The beam flux exceeds that of the background when I H exceeds 42.5 A (though the peak value of the beam in the IDF may still be below that of the background, the area under the beam peak is larger). The reason is that increasing I H leads to more hot-cathode emission and results in the increase of plasma density in the source chamber. Thus, the number of the beam ions increases since they originate directly from the source region. However, the background ions in the experimental region are born from the processes of ionization and ion-neutral charge-transfer collisions etc. The increase in the background-ion number is slower than that of the beam-ion, which leads to the increase in the flux ratio. On the other hand, the plasma potentials do not change significantly with I H , which accounts for the insignificant change of the beam energy. To keep the beam energy unchanged while raising the flux ratio via increasing I H , one can appropriately lower the bias drop ∆V SG between SG1 and SG2 or the discharge voltage V dis since these parameters have little effect on the flux ratio, thus, enabling the independent control of the flux ratio.
Influence of neutral gas pressure
For the given parameters I H = 43.8 A, V dis = 30 V, and V SG2 = −20 V, the dependence of the IDF and the flux ratio on the pressure p is plotted in Fig. 6 .
It reveals that the background-ion flux increases but the beam-ion flux decreases when raising p. The flux ratio drops significantly. Moreover, raising p results in the decrease of the beam energy. The reason is that increasing p leads to more frequent collisions of the ions with the neutrals, causing the frictional damping of the beam energy. In addition, the resonant ionneutral charge-exchange collisions result in the transfer of the beam ions to the background ions, leading to the decrease in the number of the beam ions and the increase in the number of the background ions. Furthermore, the increased ionization can also add the number of the background ions. 
Conclusion
The ion-beam-background plasma system is produced in the experimental (target) chamber of the double plasma device separated by two adjacent grids whose voltage drop can generate an ion beam in the target chamber. It is shown that the ion beam energy depends on the discharge voltage V dis and the bias drop between the two separation grids ∆V SG , either of them or the combination of them can be used to control the beam energy while keeping the flux ratio almost unchanged. On the other hand, the flux ratio depends mainly on the hot-filaments heating current I H . The adjustment of I H together with the appropriate setting of either ∆V SG or V dis can provide a nearly independent control of the flux ratio. In addition, the change in the neutral gas pressure causes the simultaneous change in the beam energy and flux ratio, which is undesirable for the independent control. 
